ABSTRACT
INTRODUCTION
Midbrain-hindbrain malformations are detected increasingly by prenatal screening ultrasound and are now among the brain malformations encountered most frequently during fetal life [1] [2] [3] [4] . Combining structural ultrasound findings with the results of genetic testing helps to identify syndromes with generally poor neurodevelopmental outcome 1, 4, 5 . However, predicting the neurological and cognitive deficits in individual cases is extremely challenging [6] [7] [8] . It was two decades ago that the importance of a structurally intact cerebellar vermis for emotions, speech and executive and visual-spatial processing was first recognized 9 . As structural abnormalities of the vermis correlate with cognitive and motor deficits 10 , detailed imaging assessment of this structure is required when analyzing cases of posterior fossa abnormality 11, 12 .
Today, fetal magnetic resonance imaging (MRI) has advanced from being purely an experimental tool to being a clinical, multimodal, structural and even functional imaging technique 13 . Still, the small dimensions of the posterior fossa anatomical structures in fetuses, and the low resolution of MRI at 1.5 and 3 Tesla (T) in the setting of fetal movement, limit the diagnostic capabilities. Existing in-vivo imaging data on fetal vermian development are inconsistent regarding the detectability of certain cerebellar structures. For instance, Malinger et al. 5 found the primary fissure to be detectable reliably by transvaginal neurosonography at 30 weeks, while, in fetal MRI studies, it was documented to be observable occasionally by 21 weeks 14 and more reliably by 26 weeks 15 . This cross-sectional, retrospective, fetal MRI-based biometric analysis of vermian development in-vivo aimed to address these inconsistencies. Including only precise midsagittal, T2-weighted fetal MR images, all detectable vermian lobules were segmented and quantified. To validate these results, in-vivo segmentations were compared with high-resolution 3-T postmortem MR images of gestational age-matched cases. The growth patterns of the distinguishable vermian lobules were investigated by evaluating the relative size (compared with the total vermian area) of each lobule between 18 and 32 weeks. Using this approach, two hypotheses were addressed: first, that fetal vermian lobulation can be assessed and quantified accurately by optimal 1.5-T fetal MRI in vivo and, second, that the relative contribution, in terms of area, of each distinguishable lobule is stable during fetal development.
METHODS
This was a retrospective study of fetal in-vivo and postmortem MRI examinations performed and evaluated between January 2007 and November 2016 at the department for imaging and image-guided therapy at the Medical University of Vienna. Only singleton pregnancies with fetuses showing normal structural brain development on ultrasound and MRI were included. We identified in the hospital database potential subjects with sagittal T2-weighted MRI sequences, selecting for inclusion only those with a precise midsagittal image of the fetal brain. An optimal midsagittal slice depicts the fetal nose, corpus callosum and entire midsagittal plane of the brainstem and cerebellar vermis. For validation of the in-vivo findings, we also identified postmortem cases suitable for segmentation, excluding those with postmortem changes such as bleeding, vermian swelling or skull deformation. To avoid postmortem tissue degradation, all postmortem MRI examinations of non-formalin fixed specimens were performed within 24 h of fetal death. Gestational age was determined by biometry at the first sonographic examination and is presented as age post-menstruation. The study was approved by the local institutional review board of the Medical University of Vienna (ethics committee number 1800/2015) and all subjects gave written informed consent to participate and agreed to the scientific use of their imaging data.
Magnetic resonance imaging
Postmortem imaging was performed on a 3-T MR scanner (MAGNETOM Trio, Siemens Medical Solutions, Erlangen, Germany) using a three-dimensional (3D), T2-weighted constructive interference in steady state sequence, with resolution 0. To minimize quantification error due to heterogeneous image resolution in the in-vivo group, only relative rather than absolute area sizes of the vermian lobules were determined. Two raters, both with experience in fetal imaging, examined the data independently. The first rater (G.D., with 2 years' experience of fetal MRI) segmented all 85 cases and then this rater and a second rater (J.S., with 4 years' experience) segmented a representative selection of 21 of these cases, including at least one fetus per gestational week for assessment of both inter-and intrarater variability.
The 3D atlas of Schmahmann et al. 16 was consulted for the anatomical nomenclature of the lobules and fissures. The two-dimensional vermian manual segmentations were performed using the open-source software application ITK-SNAP 17 . On the precise midsagittal slice, the lobules were segmented to the end of the cerebellar fissures and to the depth of the deepest visible fissure. Therefore, the middle part of the cerebellum appeared to be empty on segmented images (Figure 1c,d,f) . The segmentation protocol for the fetal vermian lobules generated for the purpose of this study is given in Appendix S1. The mean relative area contribution (MRAC), i.e. the proportion (as a percentage) of each lobule area relative to the total vermian area, was determined for each fetus as the number of voxels within a particular lobule, divided by the total number of voxels in the entire vermian area, multiplied by 100.
Statistical analysis
Statistical analyses were carried out using IBM SPSS Statistics for Windows, version 23 lobule were validated against those obtained from the high-resolution segmentations of postmortem fetuses of similar age when available. MRAC values for each lobule were compared directly between postmortem and in-vivo fetuses when there was a single in-vivo fetus of corresponding gestational age; when there was more than one corresponding in-vivo fetus, the MRACs for each lobule from each of the in-vivo fetuses was combined into an average value for comparison with the postmortem result.
The intrarater and interrater variability for each lobule was assessed by comparing number of voxels from the 21 fetuses which had been segmented twice by one rater and again by the second rater and calculating the intraclass correlation coefficient (ICC) for each lobule. Voxel-based differences could be used for both intra-and interrater variability, because the image resolution of the reviewed cases was equal. An ICC between 0.75 and 1.00 was considered to indicate excellent correlation 18 . A linear regression model was used to assess the correlation between the relative size of each vermian lobule (i.e. MRAC) and gestational age in days. A power analysis revealed that a sample size of n = 75 would provide 90% power to detect a correlation of r = 0.335 (using an alpha level of 5%, two-tailed).
RESULTS
We identified initially in the hospital database 216 subjects evaluated during the study period that had no brain pathology and had sagittal T2-weighted MRI sequences (40 aged ≤ 22 gestational weeks and 176 aged > 22 weeks). Of these, image quality was sufficient, with precise midsagittal planes and with reliable differentiation and quantitative assessment of seven of the nine known vermian lobules 16 being technically possible, in 78 (36.1%) cases (mean gestational age, 25.6 weeks), including 30% (n = 12) of those ≤ 22 weeks and 37.5% (n = 66) of those > 22 weeks. In the remaining 138 cases (mean gestational age, 24.7 weeks), the available midsagittal planes did not meet requirements (oblique plane, fetal/maternal motion artifacts, partial volume effects) necessary for segmentation. The indications for MRI in the selected 78 subjects were: body malformation (n = 45), maternal condition (n = 29) and orofacial cleft (n = 4).
Seven postmortem cases were also included for segmentation ( Figure S1 ). Indications for fetal postmortem imaging (as part of an autopsy protocol) included: premature rupture of the membranes (n = 4), body malformations (n = 2) and termination of pregnancy due to psychiatric indication (n = 1).
The age range of postmortem cases was 16-30 (mean, 21.9) weeks and that of the 78 fetuses examined in vivo ranged from 18 to 32 (mean, 25.6) weeks. Table 1 shows the gestational age distribution of the fetuses studied.
The seven lobules which could be clearly differentiated and analyzed included (Figure 1f ): the lingula (lobules I and II), centralis (lobule III), culmen (lobules IV and V), pyramis (lobule VIII), uvula (lobule IX) and nodulus (lobule X). The declive (lobule VI), folium (lobule VII AF ) and tuber (lobules VII AT , VII B ) have a common, single white-matter core and their separating fissures (the superior, posterior and horizontal fissures) are visible inconsistently in the earlier gestational weeks. These therefore appeared as a single structure, referred to herein as 'DFT'. In 13 of the 78 in-vivo cases (with mean gestational age of 28.3 weeks), it was possible to differentiate the DFT into its three lobules: declive (VI), folium (VII AF ) and tuber (VII AT , VII B ). For consistency and ease of comparison, however, these three lobules were considered as DFT throughout pregnancy. The seven defined lobules were visible from 18 weeks onwards ( Figure 2 ).
In Table 2 the MRAC of each lobule of individual postmortem fetuses is compared with the mean MRAC of the corresponding lobule for all available age-matched fetuses in the in-vivo group. This included 12 in-vivo fetuses compared with five postmortem images; two of the postmortem fetuses had no fetus of corresponding age in the in-vivo group. Comparing these postmortem and in-vivo segmentations, differences > 5% were found in the culmen and the uvula at 18 and 21 weeks, the DFT at 24 weeks and the nodulus at 30 weeks. The largest difference (14.49%) was in the culmen at 18 gestational weeks. Otherwise, the difference between in-vivo and postmortem MRAC of the vermian lobules ranged between 0.02% and 10.3% (mean, 2.89%; SD, 3.01%).
To investigate intrarater variability, 21 cases were segmented twice by the same rater. The voxel-based differences for these pairs of segmentations were compared using the ICC ( Table 3 ). The mean ± SD ICC of voxel-based intrarater differences was 0.95 ± 0.03. The correlation was excellent for all lobules. The lowest correlation coefficients were for the lingula, the smallest lobule, and the uvula, a lobule that is occasionally overlapped by the cerebellar tonsils. To investigate interrater variability, the same 21 subjects were assessed by a second radiologist. The segmentations of the second rater were compared with the latter segmentations of the first rater (Table 4) , and the correlation was excellent. The mean ± SD ICC of voxel-based interrater differences was 0.91 ± 0.05. The lowest ICC was seen in the two smallest lobules (lingula and centralis) and in the uvula. Using linear regression models and Pearson's correlation (Table 5) , the relative growth of each vermian lobule, i.e. the MRAC, was evaluated based on the 78 subjects imaged in-vivo ( Figure S2 ). With the exception of the uvula, the correlations were significant. The correlation was negative for the lingula, centralis, pyramis and nodulus, i.e. the MRAC of these lobules decreased with increasing gestational age, while the culmen and DFT showed a positive correlation, indicating that the MRAC of these lobules increased with gestational age ( Figure S2 ). 
DISCUSSION
This fetal imaging study quantified and objectified existing observations of the cerebellum in vivo 19 , and was able to demonstrate that, given optimal image quality and precise midsagittal sequences, it is possible to differentiate reliably seven of the nine fetal vermian lobules with 1.5-T fetal MRI after 22 gestational weeks. The segmentation of the seven distinguishable lobules was reproducible and reliable, with excellent intra-and interrater ICCs of 0.825 or more in all lobules.
The validity was assessed by comparing in-vivo images to age-matched postmortem cases ( Figure S1 ). As removal of the fetal cerebellum and its leptomeningeal structures, as well as formalin fixation, may alter the local topographical anatomy 20 , 3-T imaging of the fetal brain in the early postmortem stages (within 24 h after death) can serve as a reference standard 21 and is an ideal alternative to histology 22 . Furthermore, postmortem MRI permits high resolution, with an isovoxel size of as low as 0.3 mm 3 . Due to the smaller dimensions of the cerebellum until around 20 gestational weeks and the limited resolution of in-vivo fetal MRI, MRAC differences between in-vivo and postmortem data were highest before 22 weeks.
From a developmental, anatomical and functional perspective, the cerebellum is a highly compartmentalized structure. There is a pattern of Purkinje cell distribution along the mediolateral axis into sagittal and parasagittal slabs 23 and organization along the anteroposterior axis that is segmented into folia, with each folium representing a discrete structural and functional unit 24, 25 . A maturational gradient follows the mediolateral axis, with synaptic maturation in the midline preceding that in the lateral cerebellar regions 26 . Due to the diverse granule cell origins 27 , the vermis is compartmentalized into an anterior and a posterior part, with a boundary on the dorsal surface of the folium (lobule VII AF ) 28 . Moreover, granule cell migration and clonal expansion seem to follow an anteroposterior axis rather than a craniocaudal one 24 .
In this study, we confirmed previous observations that vermian lobules show non-uniform growth. The relative size of the culmen and DFT increased, whereas the MRAC of the lingula, centralis, pyramis and nodulus decreased with gestational age. Considering the cerebellar functional compartmentalization, with the anterior lobe carrying sensorimotor functions and the posterior lobe processing affective and cognitive functions [29] [30] [31] , our observation is plausible from an embryological and functional topographical standpoint. Similar findings were reported over four decades ago by Loeser et al. 32 , who showed that 'the largest lobules (culmen, declive and pyramis) are producing more folia per week' than the other lobules. Thus, our observation of area expansion of certain lobules is supported by microscopic anatomy in the anterior lobe.
These findings are of particular interest with respect to the assessment of abnormalities of the fetal brain. Abnormalities of fetal vermian foliation are frequently associated with deviations of fissuration 33 ( Figure 3) . The pathological genetic, molecular and cellular mechanisms that cause abnormal fissuration and foliation are becoming better understood [34] [35] [36] [37] . In addition, infections 38 or teratogenic-toxic effects, such as fetal alcohol [39] [40] [41] , cocaine 42 or retinoic acid 43 exposure, may result in abnormal foliation and fissuration.
When using relative measurements as quantitative reference data, the segmentation error of this method must be considered. The limited resolution of in-vivo fetal MRI may lead to under-or overestimation of certain MRACs, especially between 18 and 22 gestational weeks. A smaller vermian thickness compared with the slice thickness of the MR image in earlier gestational weeks will result in a partial volume effect. This is likely to contribute to the larger differences between in-vivo and postmortem MRACs and the lower availability of high-quality reference images between 18 and 22 weeks. This also explains the distribution of assessed gestational ages.
The main limitation in assessing fetal vermian development is its small size. The vermian craniocaudal diameter between 16 and 32 weeks is between 1 and 2 cm 44 . Small lobules, such as the nodulus, covered only four voxels. As only 1.5-T in-vivo images were included, the effect of using 3 T fetal MRI in-vivo on the accuracy of vermian segmentations remains speculative. Due to the retrospective nature of the study, images using different voxel spacing (0.72/0.72/4.4 mm to 1.0/1.0/4.4 mm) had to be included. However, this heterogeneity in image resolution did not affect the proportional size of lobules. The discrepancy between postmortem and in-vivo measurements regarding specific vermian segments (DFT at 24 weeks and nodulus at 30 weeks) may perhaps be explained by the natural variation in individual cases.
Another limiting factor is that fetal vermian lobules could be differentiated only in a precise midsagittal slice, which was encountered in just one third of the 216 cases identified initially in the hospital database as having sagittal T2-weighted MRI sequences and no brain pathology. It is expected that, in a prospective study, this requirement could be achieved in a significantly higher percentage of cases by repeat acquisitions of sagittal T2-weighted sequences during the MRI examination. Finally, direct correlation of ultrasound-based vermian segmentation with MRI remains to be investigated prospectively. To our knowledge, Vinals et al. 45 were the first to describe different vermian lobules using ultrasound, based on a single case at 24 weeks. The success rate of ultrasound-based detailed vermian visualization remains unknown. Our results should stimulate further research in that regard, using high-end up-to-date sonographic techniques in a systematic fashion in a larger cohort of normal fetuses.
In conclusion, our study demonstrates that fetal vermian development can be observed reliably after 22 weeks through segmentation of 1.5-T MRI. The segmentation can be quantified using optimal MRI settings and precise midsagittal planes. The proportions of the fetal vermis in vivo correlated with those on postmortem imaging. Furthermore, we showed an intrarater ICC of at least 0.890 and an interrater ICC of at least 0.825 for all lobules. Surprisingly, we found that fetal vermian growth is non-uniform. The culmen and DFT increased relatively more in size at the expense of the other lobules. The segmentations from our study may be used as a basis for further research into both normal vermian development and that in fetuses with hindbrain malformations.
